The laminar. steady juncture flow around single or multiple posts mounted between two flat plates is simulated using the three-dimensional incompressible Navier-Stokes code, INS3D. The three-dimensional separation of the boundary layer and subsequent formation and development of the horeshoe vortex is computed. The computed flow compares favorably with the experimental observation. This report summarizes the recent numerical study performed at NASA Ames Research Center to understand and quantify the juncture flow relevant to the Space Shuttle main engine power head.
INTRODUCTION
This study analyzes the local flow around liquid oxygen (LOX) posts in the Space Shuttle main engine (SSME). As shown schematically in figure 1, LOX posts are densely packed in the main injector assembly into which very nonuniform hot gas flows from the transfer ducts (ref.
I ) .
A s a first step toward a complete flow analysis around the LOX post, This study deals with idealized cases of laminar, steady juncture flows around a single post and single and double rows of posts mounted between two flat plates.
The flow around a cylinder-plate juncture produces a very interesting viscous phenomenon ca.used by the interaction between the boundary layer from the plate and the cylinder. Since the Mach number of the flow is less than 0.12 (ref. I ) , the flow field is computed using the incompressible Navier-Stokes flow solver, INS3D (ref. 9), which utilizes an implicit finite difference procedure in generalized curvilinear coordinates. This code has been verified for both two-dimensional (2-D) and 3-D test problems, and has been applied to several realistic problems in aerospace design. Most notably, the application to the SSME flow-field analysis has made a significant, impact, on the Shuttle program.
This code was used as a test, code for the Numerical Aerodynamic Simulator (NAS) Facility Crav 2 at IVASA Arries Research Center. Most of the numerical results presented here were obtained on the Cray 2. Figure 2 shows the computational domain for a single post on a flat plate. This is an extreme idealization of the flow around a post in the multiple-post assembly in figure 1. However, a n understanding of this flow is of considerable value toward a full analysis of the entire assembly. Upstream boundary layer thickness is varied by using partially and fully developed channel-flow profiles. The convergence characteristics of the flow solver are shown in figure 3 by the history of RMSDQ, which denotes the root-mean-square value of the change per iteration in the pressure and velocities. The three curves in the figure show three variations of the INS3D code; namely a block tridiagonal, a diagonal. and a diagonal version with fourth order implicit smoothing terms. The flow solver converges rapidly to about four orders of magnitude reduction in RMSDQ. The computing time per iteration per grid point is 91 psec for the block tridiagonal version and 32 psec for the diagonal version of the code. Figure 4 shows the particle traces for a single post at Re= 1000. The saddle point separation and horseshoe vortex can be seen from the traces near thc flat plate. The secondary flow in front of the cylinder wraps around toward the wake region and forms a counter-rotating pair of vortex filaments. These spiraling twin vortices demonstrate a striking difference between this type of juncture flow and a 2-D cylinder. The vortex filaments are washed upward and then attenuate as they interact and move downstream. In reality, vortex shedding and possible unsteady motion take place at this stage. These "tornado-shaped" vortices are vcrv difficult to observe experimentally, and validation of this phenomenon was very much needed. Recently. Schewe (Schewe. G., Private communication. 1985. DFVLR, West Germany.) made oil-flow visualization around a single post, showing clear evidence of the twin vortex behind the cylinder (fig. 5 ). This experimental observation is qualitatively similar to the computed results. shown by the particle traces in figure 4 and the isobars near the flat, plate in figure 6. This juncture flow structure will lead to a strong variation in skin friction and pressure along the cylinder and hence significantly affects the overall loading on the post.
RESULTS
Figures 7 through 10 show the computational results for a multiple-post arrangement. The horizontal plane of the C-H-type hybrid grid which used for two-row computation is shown in figure 7 . This 2-D grid is stacked up vertically to form a 3-D grid. A total of 120,000 grid points were used for the calculation on the Cray-XMP. For the computation on the Cray 2, a refined grid with 463,000 mesh points was used. In the y-direction, periodicity is assumed. Comparison for the mass averaged total pressure drop between the single row and the double row of posts is shown in figure 8 . In this figure, the first and second rows of the two-row post arrangement are designated as doubie row 1 and 2, respectively. The varying incidence angle corresponds to various relative locations of the posts in figure 1 (b) . Zero angle corresponds to the centerline of the center transfer duct and the angle increases clockwise. The angular dependency shown for the single row case is partiallv confirmed computationally by Chang and Yang (will be published as a continuation of reference 1). Figure 9 shows the particle traces near the post plate junction for two rows of posts. Twin vortices behind the first row of posts are still observed and the saddle point of separation for the second row of posts is influenced by the presence of the spiraling vortices behind the first row as shown in figure 10 (a) . Whether, in reality, the flow maintains steadiness behind the second row a t this Reynolds number remains to be verified. The present flow solver is designed for obtaining steady-state solutions, and the results can be regarded as an ensemble average in thc wakc rcgion of the second row of posts. Figure 10 (b) shows another tornado-type vortex generated behind the second row when the incident angle is increased to 78'. Understanding the vortex dynamics and quantifying the resulting load on posts will be of significant engineering importance as well as an important contribution to the basic understanding the flow physics of juncture flows.
CONCLUDING REMARKS
T h e present study shows the computational capability to study the juncture flow relevant to the SSME LOX posts. The computed flow compares favorably with experimental observation.
By comparing the multiple-row post loading with the single-row post loading and varying the angles of flow incidence, the degree of interaction between the front and the rear rows of posts can be quantitatively determined. An improved multiple-row post arrangement therefore can be determined based on the results from the present study. High Reynolds number flows need to be simulated to analyze more realistic cases in the SSME. This will require that special attention be given to the turbulence models for an accurate prediction of the loading on the posts. To complete the juncture flow study, a time-dependent flow solver will be essential. 
